Subsurface microbial community structure in relation to geochemical gradients and lithology was investigated using a combination of molecular phylogenetic and geochemical analyses. Discreet groundwater and substratum samples were obtained from depths ranging from 182 to 190 m beneath the surface at approximately 10-cm intervals using a multilevel sampler (MLS) that straddled Cretaceous shale and sandstone formations at a site in the southern San Juan Basin in New Mexico. DNA and RNA were extracted directly from quartzite sand substratum loaded into individual cells of the MLS and colonized in situ . Polymerase chain reaction (PCR)-mediated T-RFLP analysis of archaeal rRNA genes (rDNA) in conjunction with partial sequencing analysis of archaeal rDNA libraries and quantitative RNA hybridization with oligonucleotide probes were used to probe community structure and function. Although total microbial populations remained relatively constant over the entire depth interval sampled, significant shifts in archaeal populations, predominantly methanogens, were observed. These shifts coincided with the geochemical transition from relatively high methane (26 mM), low sulphate ( < < < < 3 mg l
Summary
Subsurface microbial community structure in relation to geochemical gradients and lithology was investigated using a combination of molecular phylogenetic and geochemical analyses. Discreet groundwater and substratum samples were obtained from depths ranging from 182 to 190 m beneath the surface at approximately 10-cm intervals using a multilevel sampler (MLS) that straddled Cretaceous shale and sandstone formations at a site in the southern San Juan Basin in New Mexico. DNA and RNA were extracted directly from quartzite sand substratum loaded into individual cells of the MLS and colonized in situ . Polymerase chain reaction (PCR)-mediated T-RFLP analysis of archaeal rRNA genes (rDNA) in conjunction with partial sequencing analysis of archaeal rDNA libraries and quantitative RNA hybridization with oligonucleotide probes were used to probe community structure and function. Although total microbial populations remained relatively constant over the entire depth interval sampled, significant shifts in archaeal populations, predominantly methanogens, were observed. These shifts coincided with the geochemical transition from relatively high methane (26 mM), low sulphate ( < < < < 3 mg l ----1 ) conditions in the region adjacent to the organic matter-rich shale to relatively lowmethane ( < < < < 0.5 mM), high-sulphate (48 mg l
Introduction
Since the discovery of microbial populations in the terrestrial and oceanic subsurface, there has been increasing interest in the structure and function of these communities (Gold, 1992; Stetter et al ., 1993; Boone et al ., 1995; L ¢ Haridon et al ., 1995; Bale et al ., 1997; Krumholz et al ., 1997; Chandler et al ., 1998; Whitman et al ., 1998; Kieft et al ., 1999; Takai and Horikoshi, 1999b) . Investigators using conventional cultivation and isolation techniques have established that subsurface microorganisms are physiologically and phylogenetically diverse, and may facilitate subsurface geochemical processes. Some research was motivated by potential economic benefits, as some subsurface microorganisms have novel metabolic properties and have potential use for industrial processes, bioremediation or other biotechnological applications (Fredrickson et al ., 1991; Boone et al ., 1995; Kieft et al ., 1999; Takai and Horikoshi, 1999a) . However, due to the limitations associated with the use of conventional cultivation and isolation techniques, the structure, diversity and function of subsurface microbial community remain poorly understood. Methods using molecular signatures may add to the information obtainable by more traditional means. Molecular phylogenetic analyses based on the small subunit rRNA gene (rDNA) sequence of naturally occurring microbial communities have allowed not only the determination of microbial community structure but also the discovery of entirely new phylogenetic lineages of microorganisms, some of which are major constituents of a given community. In various microbial ecosystems, these techniques have demonstrated that microbial diver-sity is much greater than previously assumed by the standard cultivation and isolation methods (Olsen et al ., 1986; Giovannoni et al ., 1990; DeLong, 1992; Fuhrman et al ., 1992; Ward et al ., 1992; Hugenholtz et al ., 1998; Takai and Horikoshi, 1999b; Takai and Sako, 1999) . In fact, the PCR-mediated small subunit rDNA sequencing analysis of several subsurface samples has indicated the presence of novel subsurface microbial communities and allowed the inference of their potential roles in such ecosystems (Ekendahl et al ., 1994; Boivin-Jahns et al ., 1996; Pedersen et al ., 1996a,b; Chandler et al ., 1998; Dojka et al ., 1998; Takai and Horikoshi, 1999a) . In combination, molecular techniques such as sequencing of environmental rDNA clones (Olsen et al ., 1986; Giovannoni et al ., 1990) , quantitative RNA hybridization (Giovannoni et al ., 1990) , terminal restriction fragment length polymorphisms (T-RFLP) (Liu et al ., 1997) , denaturing gradient gel electrophoresis (DGGE) (Ward et al ., 1990) and whole cell in situ fluorescent hybridization (FISH) (Amann et al ., 1990) , may provide insight into the structure, diversity and function of interdependent subsurface microbial populations.
In this study, we sought to determine the subsurface archaeal community structure in Cretaceous shale and sandstone formations at a site in the southern San Juan Basin in New Mexico. Previous investigations, based on cultivation methods and activity measurements using isotopically labelled substrates, indicated the presence of active sulphate-reducing bacteria in spatially discrete microbial populations with activities that varied as a function of lithology and geochemistry in the sedimentary rock environment Krumholz et al ., 1997) . However, the archaeal components of the community and the potential relationship between them and the lithological and geochemical properties of the rock remained unclear. To examine these aspects of the microbial ecosystem, we obtained groundwater samples and quartzite sand substratum that was colonized in situ using a multilevel sampler (MLS) that traversed lithologically and chemically distinct Cretaceous shale and sandstone formations in a screened well. DNA and RNA were extracted directly from these samples and PCR-mediated T-RFLP analysis of rDNA in conjunction with partial sequencing analysis of archaeal rDNA libraries and quantitative RNA hybridization with oligonucleotide probes were used to investigate the archaeal clades and how they varied with lithology and geochemistry.
Results

Geochemical properties of MLS samples
The MLS samples were obtained from the region of the subsurface that spanned the interface of the Clay Mesa Shale and the Cubero Sandstone in a borehole designated as CNV-R Krumholz et al ., 1997) . Previous geochemical characterization of the core samples collected during the drilling of CNV-R indicated that the fine-grained shale contained higher amounts of organic carbon and sulphur (pyritic S), whereas the sandstones were relatively coarse-grained and contained lower amounts of organic carbon and total sulphur ( Fig. 1 ) . The transition zone between the shale and sandstone was located over a depth of approximately 185-186 m, corresponding to the samples of Geo6 to Geo8 or Bio4 to Bio7 in Table 1 . Across this interface, major changes in the concentrations of H 2 and CH 4 were observed ( Table 1) . The concentrations of H 2 and CH 4 were higher in the shallower shale zone samples, whereas the amount of sulphate increased with increasing depth and was six-to ninefold higher in samples equilibrated adjacent to the Cubero sandstone. Nitrate and soluble Fe(II) were not detected in any of the MLS water samples and sulphate and acid volatile sulphide are reported elsewhere (Kovacik, 2002) .
Microbial population density and nucleic acids extraction
Microbial population density was determined by acridine orange-stained direct counts (AODC). In contrast to the variations in the geochemical properties, the bacterial population associated with the MLS sand samples was relatively constant throughout the profile and was approximately 2 ¥ 10 6 cells g -1 wet weight. Both DNA and RNA were isolated at concentrations ranging from approximately 1-3 ng g -1 sand (Table 1) . Based on the DNA yield from each sample and assuming an average cellular DNA content of 2 fg (Bakken and Olsen, 1989) , the calculated microbial population density of the MLS samples was 0.75 ¥ 10 6 -1.15 ¥ 10 6 cells g -1 wet sediment and thus was in good agreement with the population densities determined by AODC (Table 1) .
T-RFLP analysis
All six primer-enzyme combinations resulted in archaeal T-RFLP patterns that were different in the shale ( Fig. 2A) and sandstone (Fig. 2B ) zones. A total of eight major TRFs, designated ribotypes AA to AH, were present. In order to quantify the shifts of the various archaeal ribotypes with sample depth and lithology, the sum of the fluorescence signal for the eight major ribotypes in each sample was normalized to 100 and the per cent of the summed fluorescence signal associated with each individual ribotype was plotted (Fig. 3) . The strength of the fluorescence signal was assumed related to the population size of the specific ribotype. Archaeal ribotypes AA, AC and AD were major constituents in the shallower samples -those associated with the Clay Mesa shale -and were minor constituents in the deeper samples associated with the Cubero sandstone (Fig. 3A , C and D). Ribotype AA was dominant between 182 and 184 m depths and decreased across the shale-sandstone transition. Ribotype AC was found almost exclusively in one MLS sample associated with the shale, whereas ribotype AD was abundant in the shale zone between the depth 183 and 185 m but was a minor component in the samples associated with the Cubero sandstone. The relative abundance of the AB, AE, AG and AH ribotypes was small in the MLS samples associated with the shale but increased across the shale-sandstone transition with the AE, AG, and AH ribotypes reaching their highest abundance within 2 m below the shale-sandstone transition (Fig. 3B, E, G and H) . The population shifts of these ribotypes were opposite to those observed for ribotypes AA, AC and AD across the shale-sandstone transition. Ribotype AF was present as a major constituent in all samples throughout the profile. The results of T-RFLP analysis indicated a major shift in the structure of archaeal populations across the transition between the shale and sandstone while the total cell counts remained relatively constant.
Phylogeny of rDNA clones from MLS samples
The archaeal rDNA clones obtained from select MLS samples were characterized by partial sequencing ( c . 550-600 nucleotides) and sequence analysis. The number of characterized archaeal rDNA clones varied from 61 to 84 respectively ( Table 2 ). The major archaeal ribotypes observed in the T-RFLP analyses (with the exception of AD) were also found in the characterized rDNA clones. Archaeal rDNA clones represented a relatively limited phylogenetic diversity with most of the phylotypes being related to members of the Methanobacteriaceae and Methanosarcinaceae (Table 2 ). Based on the sequence analysis, the representative rDNA clone types within Methanobacteriaceae ( pCNA3, pCNA4 and pCNA7) had the precise restriction enzyme recognition site that resulted in the T-RFs corresponding to AB, AH and AG observed in the T-RFLP analysis. Likewise, the represen- tative rDNA clone types within Methanosarcinaceae ( pCNA1, pCNA6 and pCNA2) had the restriction site resulting in the T-RFs corresponding to AA, AF and AE in the T-RFLP analysis. The abundance of each rDNA clone type within the Methanobacteriaceae was higher to much higher in the sandstone-associated samples whereas the abundance of Methanosarcina clone types pCNA1 and pCNA6 within Methanosarcinaceae were higher to much higher in the shale-associated samples (Table 2) .
Because we were able to link most of the major archaeal T-RFs (ribotypes) to archaeal phylogenetic types, results of the T-RFLP and clone library approaches could be compared. Although the proportions of the rDNA clone types in the archaeal rDNA libraries were somewhat different from those of the related ribotypes in the T-RFLP analyses, the overall trend was very similar. Methanosarcinaceae dominated in the methane-and hydrogen-rich shale and Methanobacteraceae dominated or was present to an equal degree in the transition zone and in the underlying sandstone with lower methane and hydrogen concentrations (Fig. 4, Table 1 ). Considering the potential selectivity and biases of both approaches, the results indicate that it is possible to relate rDNA clone libraries to T-RF electropherograms and that the corroboration between these two methods provides for a more robust molecularbased analysis of community structure.
Several rDNA clone types having phylogenetic relatedness (89-93% similarity) to environmental archaeal rDNA clones, Arc 9 and Arc 1, obtained from a deep subsurface paleosol (Chandler et al ., 1998) were recovered from both shale and sandstone samples. In addition, a novel, deep lineage of archaeal rDNA sequence (pCNA5) having no apparent phylogenetic relationship to any archaeal rDNA ( < 78% similarity) was recovered from a shale-associated sample at the top of the MLS (Table 2) .
RNA hybridization analysis
To better quantify and resolve the shifts in the archaeal populations as a function of depth and lithology, a hybridization analysis was performed using eubacterial-and archaeal-domain-specific oligonucleotide probes. Direct probing removes any biases that may occur during PCR amplification, and may enable more direct comparisons (if probes are both specific and comprehensive) between populations interrogated with multiple primer sets. In addition, because the hybridization target is RNA, the hybridization signal reflects the level of general metabolic activity whereas DNA target reflects population size. The hybridization signal from the eubacterial probe was consistently greater (two-to fourfold) than the signal obtained using the archaeal probe for all samples and was relatively constant with depth (Fig. 5) . The archaeal signal was strongest in samples associated with the Clay Mesa shale with the signal decreasing across the transition and into the sandstone (Fig. 5 ) corresponding to generally decreasing CH 4 concentrations with depth (Table 1) .
Discussion
The Mancos shale and Dakota sandstone formations in the southern San Juan Basin have been extensively studied and are known to harbour extant microbial communities involved in anaerobic biogeochemical processes. The previous investigations demonstrated the presence of spatially discrete microbial populations whose composition and activity were a function of lithology and geochemistry, with sulphate appearing to be the dominant terminal electron acceptor for the microbial oxidation of organic carbon . Although microbial populations and activities in the organic-rich Clay Mesa shale were relatively low, probably as a result of restrictive pores , organic matter associated with the shale was identified as the main energy source driving microbial processes in this system . It was suggested that shale-associated organic matter, or fermentation products from organic matter decomposition, were diffusing into adjacent relatively permeable sandstone. Microorganisms at or near the shalesandstone boundary could then use the shale-derived organic compounds and hydrogen in metabolic processes such as sulphate reduction and acetogenesis and, potentially, methanogens. In spite of these studies, details of the structure, diversity and function of subsurface microbial community in this environment remain unresolved.
The phylogenetic structure of the archaeal communities in the Cretaceous rock environment as determined by the molecular phylogenetic analyses revealed the community to consist of various Archaea dominated by methanogens (Methanosarcinaceae and Methanobacteriaceae). The archaeal community also contained various uncultivated members who were phylogenetically unrelated to known microbes and therefore whose physiology was unknown. Although the physiology of members of the community was not determined directly, their close phylogenetic affil- iation with groups of well-characterized methanogens in conjunction with methane concentrations ranging from 0.5 to 26 mM indicated that that methanogens were an important component of the anaerobic microbial community.
Companion molecular analyses (Kovacik, 2002) revealed the presence of a diverse assemblage of anaerobic bacteria covering a range of metabolic functions. These functions include fermentation, sulphate-and sulphur- respiration, and acetogenesis in addition to the methanogenesis found in this study and were consistent with sulfide, sulphate and methane gradients across the shale-sandstone boundary.
Previous investigations of the physical, geochemical and microbiological properties of these shale and sandstone formations demonstrated that the pore throat sizes of the shale units were very small, and the horizontal permeability of the shale units was extremely low, whereas sandstone units had relatively high horizontal permeabilities Krumholz et al., 1997) . However, recent hydrological investigations of the groundwater environment in and around CNV-R revealed evidence of upward groundwater flow and significant vertical hydraulic conductivities in the shale (Walvoord et al., 1999) . These results suggest a hydraulic connection a. The affiliation of each rDNA clone sequence to certain phylogenetic groups and the identification of the rDNA clones to the ribotypes in T-RFLP analysis were carried out as described in Experimental procedures. b. T = transition zone between shale and sandstone. between lithological units and provide a physical basis for the observed geochemical gradients, variations in microbial community structure, and enhanced microbial activity at or near lithologic interfaces observed in this and other Krumholz et al., 1997) studies.
It is important to recognize that the geochemical and microbiological properties of each discreet MLS sample represents the combined influences of adjacent rockgroundwater geochemical and microbiological properties and the modification of these properties by borehole drilling, and the subsequent post-construction microbial activity within the open borehole. Hence, the geochemical properties and the microbial community structure of each MLS sample should not be viewed as wholly representative of the undisturbed subsurface. In addition, there was also potential for sample bias by the use of clean quartzite as a colonization substrate as some subsurface microorganisms may have been unable to effectively colonize this material. A direct comparison between the microbiological properties of the native rock and the colonized quartzite was not possible for several reasons. First, core samples from this borehole over the same depth interval as the MLS were not microbiologically characterized. Second, core samples from an adjacent borehole, CNV, collected at approximately the same stratigraphic position as the MLS in borehole CNV-R, were not subjected to the same types of molecular analyses as were used in the current study. The previous studies focused on cultivation, activity and microbial biomass (total phospholipid fatty acids) measurements . The base structure of the observed microbial communities originated from extant subsurface microbial populations, and the shift in the microbial community structures resulted from a response to variations in lithology and associated geochemical properties and hence reflects current borehole conditions.
Among the physiologically and phylogenetically diverse members present in the studied microbial communities, the methanogenic Archaea were stable and major constituents with respect to the DNA-and RNA-based analyses. This result suggested that these microorganisms were active and played significant roles in subsurface biogeochemical processes in the Cretaceous sedimentary rocks of the San Juan Basin. The geochemical analysis revealed gradients in methane, hydrogen, and sulphate that were likely the result of microbial utilization of shaleassociated organic matter. For example, the archaeal signal as revealed by rRNA hybridization, dominated by methanogens, was greater in MLS samples equilibrated adjacent to the Clay Mesa shale where methane and hydrogen concentrations were also relatively high in comparison to samples adjacent to the Cubero sandstone (Fig. 4) . This result is a good example of how biogeochemical processes in subsurface environments can be inferred from combined geochemical and molecularbased microbial community analyses. In this case, the geochemical properties were consistent with the microbial functions and metabolisms inferred from the molecular analyses.
In this study, a large proportion of methanogenic archaeal rRNA was present in the MLS samples. Some of the sedimentary rocks in this environment contained significant amounts of organic carbon, >1% wt/wt for some of the shales, and the H 2 measured in the MLS samples was likely biogenic in origin, resulting from fermentation of shale organic matter. Although H 2 was detected in only a few samples from the upper section of the MLS, the measured concentrations ranged from 4 to 8 nM. These concentrations are consistent with the values of 7-10 nM reported by Lovley and Goodwin (1988) to be indicative of methanogenesis as the predominant terminal electron accepting process in sediments. With increasing depth and transition into the Cubero sandstone, the sulphate concentration increased and the H 2 concentration decreased to below limits of detection (0.1 nm). Concentrations of H 2 in sediments where sulphate-reduction is predominant would be expected to be less than 1.5 nM (Lovley and Goodwin, 1988) . Previous studies have demonstrated that shale-associated organic matter can drive sulphate reduction and acetogenesis in sandstone samples from this site and bacteria with physiologies consistent with these processes have been isolated from core samples from this site and characterized (Krumholz et al., 1999) . The organic carbon associated with the Clay Mesa shale is likely being consumed by the microbial community as a carbon and energy source. In addition to gross organic carbon content of the rock, the composition and concentration of organic compounds are also significant factors influencing the magnitude and diversity of the subsurface microbial communities. Shifts in the microbial community structures including a predominance of Methanosarcinaceae-like Archaea in the MLS samples adjacent to the Clay Mesa shale, are probably indicative of the distribution of specific classes of organic compounds. It has been demonstrated that Methanosarcinaceae members can utilize acetate, methanol, methylamines, dimethyl sulphide and methanethiol, in addition to hydrogen and carbon dioxide in contrast to Methanobacteriaceae members that have a more restrictive substrate range and can utilize mainly formate in addition to hydrogen and carbon dioxide (Boone and Mah, 1989; Lomans et al., 1997; 1999a,b,c) . Although concentrations of the aforementioned organic compounds were not measured in this study, it is possible that certain classes of organic compounds provided by the carbon-rich shale favoured the growth and activity of Methanosarcinaceaelike organisms.
On the basis of these and previous results, it is clear the microbial communities present in the subsurface environment at this site are dependent upon the detrital organic matter deposited with the sediments during Cretaceous period. We speculate that these organic compounds may be effectively utilized in part by syntrophic co-operation among the members of the microbial communities. Applying methods for the cultivation and study of syntrophs to samples from this site may provide additional understanding of in situ microbial processes and interactions and may be a possible approach for culturing previously uncultivated and unidentified microorganisms.
Experimental procedures
Sampling site and procedures
Groundwater samples and substratum were obtained using a passive multi level sampler (MLS) as described by Weisbrod et al. (1996) . The MLS was placed across the interface between Clay Mesa Shale and Cubero Sandstone (vertical depth range between 182 m and 190 m) in a borehole designated as CNV-R, drilled through Cretaceous Mancos Shale and Dakota Sandstone Formations at a site in the southern San Juan Basin in New Mexico Krumholz et al., 1997) . Lithologically, these formations contrast sharply in texture and composition (Fig. 1) . The Mancos shale is sulphur-rich, has a fine, submicron pore structure and is relatively impermeable, whereas the Dakota sandstone has a relatively open pore structure, transmitting groundwater from surrounding uplands and acting as a regional aquifer for domestic use (Walvoord et al., 1999) . The MLS was installed with segregated segments containing dialysis cells filled with either deionized water or a mixture of deionized water and sterile quartz sand. The MLS was equilibrated in situ for 6 months to allow for complete replacement of deionized water by formation water, and to provide time for microbial colonization of the coarse (1 mm) sand. The sand, which served as a colonization substratum, was washed twice with 1 N HCl, rinsed with deionized water and then autoclaved twice prior to packing in the MLS cells. All microbiological samples were frozen on dry ice immediately after sampling in the field and samples were maintained in the laboratory at -85∞C until they were thawed just before nucleic acid extractions.
Geochemical analyses
Total sulphur was determined by combustion followed by analysis for evolved sulphur using a LECO (St Joe, MI) sulphur analyzer. Hydrogen and methane concentrations were determined analytically using a Trace Analytical (Menlo Park, CA) gas chromatograph fitted with a reduction-gas detector for hydrogen and a flame-ionization detector for methane. Individual samples were obtained from MLS sample intervals using purpose-built sampling tubes consisting of air-filled gas-permeable plastic tubing. Formation concentrations were calculated from tubing concentrations using appropriate Henry's Law constants for hydrogen and methane.
Extraction of nucleic acids
DNA was extracted from each MLS microbiological sample by using the Soil DNA Kit Mega Prep (MO BIO Laboratories, Solana Beach, CA). Approximately 10 g of the frozen sand and entrained water was used for the DNA extraction, performed using the manufacturer's suggested protocol. Although the DNA extracts obtained using the kit contained little RNA contamination, 0.02% (w/v) ribonuclease A (Sigma) was added to the extracts and incubated at 37∞C for 3 h. The mixtures were extracted with equal volumes of phenol saturated with 100 mM Tris-HCl (pH 8.0), followed by extractions with phenol/chloroform/isoamyl alcohol (24:24:1, v/v/v), and chloroform/isoamyl alcohol (24:1, v/v) . DNA was precipitated from the solutions using a 3 ¥ volume of ethanol and recovered by centrifugation. In order to check for experimental contaminants, a blank (no substratum) sample was extracted in the same manner as the negative control (Tanner et al., 1998) .
Total RNA was extracted from a replicate aliquot of the same samples used for DNA extraction. Approximately 10 g of the frozen sample was suspended with 7.0 ml of extraction buffer (pH 5.0) containing 25 mM sodium acetate, 5 mM EDTA and 5% (w/v) SDS. Then, 5 g of sterile glass beads (0.1 mm diameter, Sigma) and 7.0 ml of phenol/chloroform/ isoamyl alcohol equilibrated with extraction buffer was added.
The suspension was shaken on a bead-beater for 2 min, incubated at 60∞C for 1 h, the shaking treatment repeated and centrifuged at room temperature. The lysate was extracted with chloroform/isoamyl alcohol RNA was precipitated by adding 3 ml of 10 M ammonium acetate and the same volume of isopropyl alcohol, and recovered by centrifugation. The pellet was washed with 70% (v/v) ethanol and dissolved with filter-sterile, distilled, deionized water (DDW). The total RNA was purified from the crude RNA solution using the spin column from the RNeasy Midi Kit (Qiagen, Valencia, CA). All plasticware and solutions used for RNA extraction and purification were treated with 0.1% DEPC to inactivate nucleases. The concentration of the extracted RNA and DNA was measured using a spectrophotometer.
Microscopy
The microbiological sample was fixed for 12 h in 3.7% formaldehyde and filtered through sterile 0.22 mm, 13-mmdiameter polycarbonate filters (Millipore). Filters were rinsed 2 ¥ with DDW, and then stained by treatment with DDW containing acridine orange (10 mg ml -1 ) at 4∞C for 20 min. The filter was briefly rinsed in DDW and examined by epifluorescence microscopy.
T-RFLP analysis of microbial rDNA
In order to rapidly identify dominant sequences in the samples, T-RFLP of small subunit ribosomal RNA genes (rDNAs) was performed (Liu et al., 1997) . Archaeal rDNA was amplified by PCR using LA Taq polymerase (TaKaRa, Kyoto, Japan). Oligonucleotide primers with 5¢ labels were as follows: Arch21F-HEX (Fuhrman et al., 1992) and Arch915R-TET (Stahl and Amann, 1991) labelled with phosphoramidite dyes, 5-hexachlorofluorescein and 5-tetrachlorofluorescein respectively. Reaction mixtures were prepared in which the concentration of each oligonucleotide primer was 0.1 mM and that of DNA template was 0.1 ng ml -1 . Thermal cycling was performed using the GeneAmp 9600 (Perkin-Elmer, Foster City, CA) and the conditions were as follows: denaturation at 96∞C for 25 s, annealing at 50∞C for 45 s, and extension at 72∞C for 120 s for a total of 35 cycles.
Amplified rDNA from five separate reactions was pooled and subjected to agarose gel electrophoresis. A band of the appropriate size was cut from each gel lane and sequentially with phenol, phenol/chloroform/isoamyl alcohol, and chloroform/isoamyl alcohol. DNA was precipitated with ethanol, centrifuged, and the pellet resuspended in DDW. The purified rDNA was digested with restriction enzymes with 4 bp recognition sites (AluI, HhaI or RsaI). The terminal restriction fragments (T-RFs) were analysed using a model 377 automated sequencer equipped with GeneScan software ver. 3.0 (Applied Biosystems Instruments, Foster City, CA). The precise lengths of T-RFs were determined by comparison with an internal size standard added to each digested sample. Electrophoresis conditions and procedures followed the manufacturer's suggested protocol.
Cloning and sequencing of microbial rDNA
Archaeal rDNA was amplified by PCR using the same protocol as for T-RFLP analysis except for the use of non-labelled primer sets. Amplified rDNA from five separate reactions was purified as described above. The purified rDNA was cloned in the vector pCR2.1 using the Original TA cloning kit (Invitrogen, Carlsbad, CA). Clones containing inserts of the appropriate size were identified by direct PCR analysis from the picked colony using M13 primers, treated with exonuclease I and shrimp alkaline phosphatase (Amersham Pharmacia Biotech, Buckinghamshire, UK), and directly sequenced by the dideoxynucleotide chain-termination method using a Big Dye sequencing kit (ABI) following the manufacturer's recommendations. The Arch915R primer was used in sequencing the archaeal rDNAs.
Sequence and phylogenetic analyses
Single-strand sequences of approximately 550-600 nucleotides in length were analysed. The databases used for GAPPED-BLAST analysis were the prokaryotic SSU rRNA database and the non-redundant nucleotide sequence database from GenBank, EMBL and DDBJ. The affiliation of individual rDNA clones to a phylogenetic group was carried out using the GAPPED-BLAST and the SUGGEST_TREE program of RDP. A rDNA sequence that represented ≥99% similarity by GAPPED-BLAST to a database sequence was assigned the phylogenetic group of the database sequence. The rDNA sequences having <99% similarity were analyzed with the SUGGEST_TREE program of RDP. When rDNA sequence was included within a monophylogenetic cluster of database sequences the rDNA clone was classified as a member of that cluster. Data from the rDNA clone libraries and T-RFLP analysis were linked by calculating the t-RF length from the partially sequenced clone. Clones with a t-RF length identical (within ± 1 bp) to one found by T-RFLP were assigned to the T-RFLP ribotype.
Hybridization analysis
A dilution series of RNA samples (1, 0.5 and 0.1 ng ml -1 ) were denatured at 100∞C for 10 min and cooled on ice. The denatured RNA samples were dotted onto Hybond-N + nylon membranes (Amersham Pharmacia) and crosslinked to the membranes by exposure to 120 mJ of UV light energy with a UV Stratalinker 1800 (Strategene, Torrey Pines, CA). Arc915 and Bac338 (Amann et al., 1990) probes were 5¢ labelled with digoxigenin by the supplier (Midland Certified Reagent Company, Midland, TX). The specificity of the probes was checked using the PROBE_CHECK program from RDP (Larsen et al., 1993) and the GAPPED-BLAST search algorithm (Altschul et al., 1997; Benson et al. 2000) , to examine whether non-targeted rDNA sequences were similar to these probe sequences. In addition, the specificity and hybridization conditions of the probes were tested with known reference rDNA prepared by PCR from rDNA clones in the eubacterial and archaeal libraries of various samples. Hybridization and wash conditions were empirically optimized for each probe. The optimal condition was defined as the condition that gave the highest signal to the intended targets while minimizing cross-reactivity.
Hybridization was conducted overnight in hybridization buffer (pH 7.0) containing 750 mM NaCl, 75 mM sodium citrate, 0.02% (w/v) SDS, 0.1% (w/v) sodium-lauroylsarcosine and 2% (w/v) blocking reagent (Boehringer Mannheim, Indianapolis, ID) at the optimized temperature (Table 2) . After hybridization, filters were washed twice with the buffer (pH 7.0) containing 300 mM NaCl, 30 mM sodium citrate, 0.1% SDS at room temperature for 5 min, and then washed twice with the buffer (pH 7.0) containing 15 mM NaCl, 1.5 mM sodium citrate, 0.1% SDS at the optimized wash temperature (Table 2) for 30 min. Probe-target hybrids were detected using the DIG luminescent detection kit (Boehringer Mannheim) and signal was developed and quantified using a Lumi-imager F1 (Boehringer Mannheim).
